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SUMMARY

This report documents the application of a multigrid Computational Fluid Dynamics
(CFD) method to rotor aerodynamic prediction. The CFD code TLNS3DR is used. The
code is the modified version of the nonrotating wing TLNS3D code with the addition of
the rotation term. The code solves the three-dimensional thin-layer Navier-Stokes equations
using an explicit multistage Runge-Kutta type of time stepping with multigrid method. For
nonrotating wings, the TLNS3DR code is identical to the TLNS3D code.

The TLNS3DR code is applied to various advanced rotor blades to study tip vortex
and to investigate the capability of the code in rotor analysis. For nonrotating flows, the
solutions in terms of the tip vortex and surface pressure coefficients are obtained for realistic
helicopter rotor-tip configurations to study effects of blade planforms on the tip vortex under
incompressible flow condition. Calculated results are compared with experimentally obtained
data at NASA-Langley’s Basic Aerodynamic Research Wind Tunnel (BART). The Berp-tip,
the swept-tip and an equivalent taper-tip configurations are investigated. For both nonrotating
and rotating flows, the Berp-type blade, the swept-type blade, and equivalent taper-type
and rectangle-type blades with zero twist are considered under compressible flow condition.
Solutions for rotating flows are presented along with those of nonrotating flows to study the
effect of the rotation term added to the TLNS3DR code in addition to the study of the tip

vortex.
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1. INTRODUCTION

The accurate and efficient prediction of rotor flow fields poses a particularly challenging
problem in helicopter rotor design. The accurate prediction of the aerodynamic forces on the
rotor requires a correct prediction of the vortex wake, including the blade trailing wake as well
as the blade-vortex interaction (BVI). The BVI noise is also one of the most important noise
sources for rotary wings. The detailed experimental test for predicting rotor flow field is very
expensive and complex, which limits the amount of available data, particularly on advanced
rotors. Therefore, other methods such as Computational Fluid Dynamics (CFD) are needed

in rotor analysis.

The CFD methods for calculating helicopter rotor flow fields can be divided into two
types: integral equation methods (panel methods) and finite-difference/finite-volume methods.
Integral equation methods are restricted to linear, low-speed, subsonic, or at most, to nonlinear
flows with weak shocks. This is a very serious limitation, because modern rotor blades operate
in the transonic regime, where the nonlinear compressibility is important and shocks can
exist in the flow field. Finite-difference/finite-volume methods based on Navier-Stokes (NS)

equations with a single grid for rotor flow fields were developed!?. The methods can treat
compressible flows with shocks, including strong shocks, in the region of the rotor blade
accurately. However, the calculation of NS equations on a fine, single grid is expensive.

A multigrid NS CFD computer code, TLNS3D, was developed? for the fixed-wing motion.
The TLNS3D code solves the three-dimensional thin-layer NS equations using an explicit
multistage Runge-Kutta type of time-stepping with multigrid method. The philosophy of
the multigrid method is the use of successively coarser grids to compute corrections to a
fine grid solution. The use of multigrid strategy results in a much faster convergence than
the single-grid method. The efficiency of the multigrid method using five-stage Runge-Kutta
time-stepping was demonstrated® through computations for transonic flows over fixed wings.
The code was shown to result in a significant reduction in CPU time as compared to the
single-grid multistage time-stepping method. The code is recently modified for rotary-wing
calculations* with the addition of the rotation term, although the accuracy of the code for
rotary-wing calculations has not been tested. The new code called TLNS3DR is identical to
the TLNS3D code for nonrotating wings.

The purpose of the present work is to use the efficient multigrid TLNS3DR CFD code
to analyze advanced rotor tip designs and to further investigate the capability of the code for
rotor aerodynamic analysis. For nonrotating flows, the solutions in terms of the tip vortex
and surface pressure coefficients are obtained for realistic helicopter rotor-tip configurations
to study the effects of blade planforms on the tip vortex under incompressible flow condition.
Calculated results are compared with experimentally obtained data at NASA-Langley’s Basic
Aerodynamic Research Wind Tunnel (BART). The Berp-tip, the swept-tip and an equivalent
taper-tip configurations are investigated. For both nonrotating and rotating flows, the Berp-
type blade, the swept-type blade, and equivalent taper-type and rectangle-type blades with
zero twist are considered under compressible flow condition. Solutions for rotating flows are
presented along with those of nonrotating flows to study the effect of the rotation term added
to the TLNS3DR code in addition to the tip vortex study.




2. METHODOLOGY OF THE TLNS3DR CODE

2.1 NS Equations in Blade-fixed Frame

For a general motion of a rotor blade, the governing equations are simple to solve if
a rotor blade-fixed moving frame of reference formulation is used. The moving frame of
reference (z,y, z) is translating at a velocity of V:,(t) and rotating around a pivot point (rotor
blade axis: 7, = (2p,yp,2,)) at an angular velocity of ((¢). The relation for the absolute
velocity (V = (u,v,w)), relative velocity (V, = (4r,vr,wy)) and transformation velocity
(Ve = (ue,ve,0¢) = V, + Vi, = V, + 0 x 7) is given by

V=V, +V,+0x7 (1)

where 7 is the position vector measured in the blade-fixed moving frame of reference relative
to 7. It should be noted that the transformation velocity (V;) includes both translation (Vo)

and rotation (Q X 1) velocities and therefore this formulation is general for both hovering and
forwarding motion of the helicopter. For the fixed-wing motion, the transformation velocity
is set to zero, and hence the relative velocity is the same as the absolute velocity.

The NS equations in terms of the relative velocity in the blade-fixed moving frame of
reference is specialized to a body fitted coordinate system (¢,7m,¢) in computational space,
where £, n and ( represent the streamwise, normal and spanwise directions, respectively.
The thin-layer assumption is employed by keeping a viscous diffusion term in the normal ()
direction only, since the dominant viscous effects arise from viscous diffusion normal to the
body surface for high-Reynolds-number turbulent flows. For the time-independent (¢, 7, ()
coordinate system in the blade-fixed moving frame of reference, the thin-layer NS equations

take the following form3:*:

OF, 9G.  OH, 8G

al -1 vr -1
W r = S 2
Ot’(J U)+8£+6n+6C Bn +J (2)
with ,
Ur = [p, pur, pvr, pw,, pe,] (3)
Fr = J_I[Para plrtiy + €2p, plirvr + Eyp, plirwy + £:p, Parhr]t (4)
Gr = J7 pBr, plrtty + NP, pirvr + Nyp, pirwe + 1.p, pirhe]! (5)
H. = J_l[pi)rv PUWrtr + (zp, prvy + Cyp, pUrwr + (., Pwrhr]t (6)
Mo p€ _
Gor = ‘]—1 —7Tu_[03 ¢lur1) + 771'¢2, ¢lvr1; + 77y¢2, ¢1wr17 + 77z¢2, ¢1a + vr¢2]t (7)
S = [0, ~pay, , —pay, , —pay,,
—plVr G+ (O x 7)o+ V,- (@ -0 x V) ()
. O ~ FZ4Y)
Ve (G x )+ (@ x7) - (5 x A
where . \
¢1 =77:¢:+77y +1; (9)

2




1
¢2 = g(nzurq + MyVry + nzqu) (10)

2 -~ .
(3 b ¢
a_(2)"+(7—1)Pr€T” (11)
¢? = u? + v+ w? (12)

where the prime (/) denotes the operation with respect to the blade-fixed moving frame of
reference. In Eqgs. (7) and (11), the turbulent eddy-viscosity correction € and turbulent eddy-

conductivity correction € are used. The algebraic turbulent model of Baldwin and Lomax5
employed.

is

The pressure p and the total enthalpy h, are calculated by

v: V2
p=(7—1)p(er——2—+—2’— (13)

and ) ,
=22 Y W (14)

respectively. The @, is the acceleration of the transformation velocity due to the moving frame
of reference given by

d; = (a4z,ary,a )——@-—DI‘Z
t— try Yty %tz ) — Dt Dt (15)
=ao+(§,—xf’)+2(QxV,)+Qx(QxF‘)
The contravariant velocity components used in Egs. (4) -(7) are given by
ﬁr = ézur + éyvr + ézwr (16)
Up = Neur + NyVr + N Wy v (17)
Wy = (zuy + Cyvr + (;wy (18)

Equation (2) is the most general form of thin-layer NS equations in the blade-fixed moving
frame of reference in terms of relative velocity. The S-term in Eq. (2) is the source term

contributed from the time-dependent rotation ((t)) and translation (V,(t)) of the rotor blade.

For the hovering motion case considered here, V,=0and 3 =0i— Q;+ 0k with Q = constant,
the S-term in Eq. (2), or Eq. (8), reduces to

S = p[0,(z — z,)0* + 2Qw,, 0, (z — 2,)Q¥* — 2Qu,,0]* (19)

For fixed-wing motion, the source term S is zero and the relative velocity V, is the same as the
absolute velocity V; in this case, the TLNS3DR code is identical to the fixed-wing TLNS3D
code.




2.2 Finite-Volume Discretization

The TLNS3DR code is based on the fixed-wing TLNS3D code® as mentioned earlier. The
difference of the formulation of TLNS3DR from that of TLNS3D is due to the source term S.
Hence the numerical scheme follows exactly the one of the TLNS3D code with the addition
of the source term S, along with the necessary modification of the boundary conditions for
hovering motion.

The semi-discrete form of Eq. (2) is obtained after replacing the spatial derivatives by
central differences,

o, _
57 (77 Uik + (Frigajie = Fricaa )
+(Grij+1/2,k = Grij_1/2,4) (20)
+ (Hrijkr1y2 = Heijio1/2)
= (Gorija1/2,k — Gurij—1/2k) + Jijjl,ksi,f:k
Using the notation @, to represent all inviscid flux terms, @Q,, to represent the viscous
g

flux terms and D, to represent the artificial dissipative fluxes for convenience, Eq. (20) is
rewritten as p

Btl(‘]—lUr)i:J)k +Qr=Qur+Dr +J7, Si ik (21)

2.3 Multi-stage Time-Stepping Scheme

The source term S is added into the five-stage Runge-Kutta time-stepping scheme of the
TLNS3D code. The time-stepping scheme thus becomes

U’(.O) — U’gn)

At -
UR = - F[ng) +6:Q5) - D - 7715

At -
U =U® - az‘J—_f[Q(rl) +£2Q5 =1 DY — DM — J715]

At -
U = U = a3 =7 (Q) + Q2 — 71 D® — 4,D® — 7, DR — J=15] (22)

Ut =Ul® a4JA_t1-[Q£3) +81Q%) = DY — 1,D — 3,D® _ 4, D® _ j-1g]
At
U® =Ul® QSJ—_f[Q£4) +B5Q%) — 1D — 1, — 3,DP _ 4, D® vs D)
_ 78]
U7(.n+l) _ U’(S)

where the superscripts (n) and (n 4 1) refer to time levels and the superscripts (0) through
(5) refer to multistage levels within each time step.

In addition to the five-stage time-stepping scheme, the local time-stepping and residual
smoothing techniques are applied to accelerate the convergence of the scheme to steady state

4




for both fixed-wing and hovering motions. The details of the residual smoothing are discussed
in Ref. [3].

2.4 Multigrid Acceleration Technique
The multigrid scheme of TLNS3D is employed. The idea of the multigrid is the use of

successively coarser grids to compute corrections to a fine grid solution. The use of multigrid
technique can significantly accelerate the convergence rate. The coefficients of 8’s and 4’s in
Eq. (22) as well as those for the residual smoothing are carefully selected to provide optimum
damping of errors. The results presented in this report are obtained using a V-cycle multigrid

scheme.
2.5 Boundary Conditions and Grid

A C-O type grid is employed. The grid is generated using either GRIDGEN3D or WTCOQ?3

code. On the blade surface, no-slip and no-penetration conditions are used by setting relative

velocity (V}.) to zero. The adiabatic wall condition and zero-normal pressure gradient condition
at the wall are also applied at the blade surface. The farfield boundaries are treated by using
Riemann invariants condition. At the inboard plane, near the rotation axis of the blade, the
condition of u,/w, = us/wy = —(z — 2zp)/(z — zp) is used to guarantee that the radial velocity
1s zero at this boundary for hovering motion; for the fixed-wing motion, the plane-of-symmetry
condition is used.




3. COMPUTATIONAL RESULTS

Application of the TLNS3DR code is made for realistic. helicopter rotor blade configu-
rations to study the rotor design. For nonrotating flows, calculated results of the Berp-tip,
the swept-tip and the equivalent taper-tip are presented in the Subsection 3.1, along with
comparison of some experimental data. For both rotating and nonrotating flows, the similar
results are presented in the Subsection 3.2 for the Berp-type blade, the swept-type blade, and
the equivalent taper-type and rectangle-type blades without twist.

3.1 Nonrotating Blade Tips

The planforms of the Berp-tip, the swept-tip, and the taper-tip are given in Figures 1, 2
and 3, respectively. Figures 4, 5 and 6 are the views of the twist and airfoil section geometry.
The C-O grids are generated for the Berp-tip by GRIDGEN3D and for the swept- and the
taper-tips by WTCO grid generators, where a single isolated blade-tip is considered in each
case. Figures 7, 8 and 9 are the partial views of the mesh around the Berp-tip, the swept-tip
and the taper-tip, respectively, where 129 x 65 x 49 mesh points are used in the streamwise,
normal and spanwise directions, respectively. The grid of this size is used in most cases. Flows
at three angle-of-attack conditions are considered. Tip flow fields in terms of the downwash,
axial velocity and crossflow velocity vector field are presented. The surface pressure coefficients
and the convergence history in terms of the residual are also given.

3.1.1 Tip-flow field at o = 15°

Figures 10, 11 and 12 are the calculated downwash velocity contours for the Berp-tip, the
swept-tip and the taper-tip, respectively, at angle of attack of 15° under an incompressible
free-stream Mach number. Figure 13 gives the same result for the taper-tip with a finer
grid where 161 x 97 x 97 mesh points are used to study the effect of the mesh refinement
to the solution. Figures 14, 15 and 16 are the experimentally measured downwash velocity
contours for the Berp-tip, the swept-tip and the taper-tip, respectively. The comparison of
the calculated results with the experimental data shows that both the TLNS3DR code and
experiment produce similar results in the region near the blade tips, and that the tip vortex
1s diffused when it convects to downstream in the calculated solution. The comparison of the
solution of Figure 12 with that of Figure 13 shows that the finer grid does give a slightly better
solution.

Figures 17, 18 and 19 are the calculated axial velocity contours for the Berp-tip, the
swept-tip and the taper-tip, respectively. Figure 20 gives the same result for the taper-tip
with a finer grid where 161 x 97 x 97 mesh points are used. Figures 21, 22 and 23 are the
experimentally measured axial velocity contours for the Berp-tip, the swept-tip and the taper-
tip, respectively. Both calculated solutions and experimental data give quantitatively similar
results. It is seen that the Berp-tip produces the largest tip-vortex in terms of the diameter of
the vortex cylinder from both calculated results and experiment. From the calculated results,
the taper-tip has a tightest tip vortex structure; from the experiment, the swept-tip has the
tightest tip vortex structure.

Figures 24, 25 and 26 are the calculated crossflow velocity vector fields for the Berp-tip,
the swept-tip and the taper-tip, respectively. Figure 27 gives the same result for the taper-tip
with a finer grid where 161 x 97 x 97 mesh points are used. Figures 28, 29 and 30 are the
experimentally measured crossflow velocity vector fields for the Berp-tip, the swept-tip and the
taper-tip, respectively. Both calculated solution and experimental data show quantitatively
similar tip vortex pattern, and tell us that the strength of the tip vortex in terms of the
crossflow velocity of the Berp-tip is slightly weaker than that of the swept-tip. The calculated




solution of the crossflow field of the taper-tip is likely diffused.
3.1.2 Tip-flow field at o = 5° — 7.5°

Figures 31, 32 and 33 are the calculated downwash velocity contours for the Berp-tip,
the swept-tip and the taper-tip, respectively, at angle of attack of 5° to 7.5° under an in-
compressible free-stream Mach number. At this angle-of-attack condition, the effective angle
of attack is near zero due to the negative twist angle near the tip. Figures 34, 35 and 36
are the calculated axial velocity contours for the Berp-tip, the swept-tip and the taper-tip,
respectively. Figures 37, 38 and 39 are the calculated crossflow velocity vector fields. Figure
40 shows the experimentally measured crossflow velocity vector fields for these three tips at
z = 1.65 chord length station measured from the leading edge of the root. The calculated
solution shows reasonable results in terms of the downwash, axial velocity and crossflow ve-
locity, but at the location away from the blade, such as at z = 1.65 chord length station, the
tip vortex is diffused due to the coarse grid used in that region.

3.1.3 Tip-flow field at o = 0°

Figures 41, 42 and 43 are the calculated downwash velocity contours for the Berp-tip,
the swept-tip and the taper-tip, respectively, at angle of attack of 0° under an incompressible
free-stream Mach number. At this angle-of-attack condition, the effective angle of attack is a
negative value due to the negative twist angle near the tip. Figure 44 gives the same result for
the taper-tip with a finer grid where 161 x 97 x 97 mesh points are used. Figures 45, 46 and
47 are the calculated axial velocity contours. Figure 48 gives the same result for the taper-tip
with a finer grid where 161 x 97 x 97 mesh points are used. Figures 49, 50 and 51 are the
calculated crossflow velocity vector fields. Figure 52 gives the same result for the taper-tip
with a finer grid where 161 x 97 x 97 mesh points are used. Figures 53 is the experimentally
measured crossflow velocity vector fields for the Berp-tip, the swept-tip and the taper-tip at
x-station of 1.65 chord length from the leading edge of the root. Calculated solution and
experimental data agree quantitatively. It can be seen from both the experimental data and
the calculated solution that the Berp-tip does not produce a significant tip vortex, and that
the tip vortex from the taper-tip is flatter than that from the swept-tip. Since the effective
angle of attack is a negative value, the tip vortex rotates in the clockwise direction and formed
under the blade tip.

3.1.4 Surface pressure and convergence history

Figures 54, 55 and 56 are the calculated surface pressure coefficient contours for the Berp-
tip, the swept-tip and the taper-tip, respectively, at angle of attack of 15°. Figures 57, 58
and 59 are the calculated surface pressure coefficient contours at angle of attack of 5° to 7.5°.
Figures 60, 61 and 62 are the calculated surface pressure coefficient contours at angle of attack
of 0°. These results are self-explanatory.

Figures 63, 64 and 65 are the convergence history in terms of residual for the Berp-tip,
the swept-tip and the taper-tip, respectively. Figure 66 is the convergence history for the
taper-tip with a finer grid. As mentioned earlier, a V-cycle multigrid scheme is employed. A
total of 375 equivalent fine grid time steps (based on the equivalent CPU time required) are
used. The CPU time on the NASA-Langley’s Cray-YMP with a single processor for cases
with 129 x 65 x 49 fine grid points is 4600 seconds, which is 0.011 second per fine grid point,
or 29.8 x 107° second per fine grid per time step. Comparing with the single-grid method, the
current code is very efficient. Figures 65 and 66 show that, on the other hand, the convergence
rate is dependent on the grid size, and that the rate decreases when the grid size decreases.




3.2 Comparison of Rotating and Nonrotating Rotor Flows

The planforms and partial views of the C-O grid of the Berp-blade, the swept-blade, and
the equivalent taper-blade and rectangle-blade without twist are given in Figures 67 through
74. A mesh of 129 x 65 x 65 grid points is used in the streamwise, normal and spanwise
directions, respectively. Flows at angle of attack of 2 degrees under a compressible free-
stream / tip Mach number of 0.628 are considered for both nonrotating and rotating flows.
Tip flow fields in terms of the axial velocity and crossflow velocity vector field are presented.
The blade-surface pressure coefficients, local Mach number, local spanwise velocity and the
convergence history in terms of the residual are also presented.

For nonrotating motion of the Berp-blade, calculated tip flow field in terms of axial
velocity and crossflow velocity vector are presented in F igures 75 and 76, respectively. Figures
77, 78 and 79 are the calculated surface pressure coefficients, surface local Mach number and
local spanwise velocity, respectively, where the surface local Mach number and local spanwise
velocity are calculated at j = 33 which is about just outside of the boundary layer. Figure 80
is the convergence history.

For rotating, hovering motion of the Berp-blade, calculated tip flow field in terms of
relative and absolute axial velocities and relative and absolute crossflow velocity vectors are
presented in Figures 81, 82, 83 and 84, respectively. Figures 85, 86, 87 and 88 are calculated
surface pressure coefficients, surface local relative Mach number and local relative and absolute
spanwise velocities, respectively. Figure 89 is the convergence history.

The same sets of results as those for the Berp-blade are presented for the swept-blade, the
taper-blade and the rectangle-blade. Figures 90 through 104 are results of the swept-blade;
Figures 105 through 119 are results of the taper-blade; and Figures 120 through 134 are results
of the rectangle-blade. :

All results presented are self-explanatory. The CPU time used is 6100 seconds on the
Cray-YMP with a single processor. The results on the rotating, hovering motion of the blade
are quantitatively correct where tip vortex in terms of both relative and absolute velocities are
captured, and where the blade surface flow field shows that the rotating effects are correctly
calculated.




4. CONCLUDING REMARKS

The TLNS3DR code is applied to various realistic helicopter rotor blade configurations
to study the advanced rotor tip flow and to further investigate the capability of the code. For
nonrotating tip geometry, three tips are computationally investigated and briefly compared
with the experimental data. For both rotating hovering motion and nonrotating motion of
blade geometry, four blades are computationally investigated. The results of rotating flows are
presented along with those of equivalent nonrotating results for studying the effects of rotation
term in the TLNS3DR code to validate the code. The detailed resuits with limited discussion
presented in this report are expected to be useful in undestanding the rotor design, particularly
in studying the tip vortex. Througth this investigation, several concluding remarks can be
drawn:

1. The TLNS3DR code is an efficient and accurate CFD tool for nonrotating flow calculations.

2. The TLNS3DR code efficiently produces quantitatively correct solution for rotating hovering
motion; however, the accuracy of the code for rotating flows needs to be tested.

3. The TLNS3DR code has capability to capture the tip vortex and the solution of the tip
vortex generally agrees with that of experiment; it is very promising for using the code as an
analysis tool in rotor tip design.

4. The structure of the tip vortex does depend on the planform of the rotor blade, and it is
predictable by the TLNS3DR code.

5. A computational grid finer than the current ones is needed to accurately capture the tip
vortex.
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Z-coordinate is expanded by 14 times. |
View of The Twist for BART Berp-type Wing/Rotor Tip, 129x65x49 Mesh

Figure 4. View of the twist for Berp-tip.
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15°, R_=2x10° 129x65x49 Mesh

Tip Flow Field Investigation - Calculated V-W Velocity Vectors

. " o B B 2
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Figure 24. Calculated tip flow field in terms of crossflow velocity vector for Berp-tip at a=15".
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2x10°, 129x65x49 Mesh

e

Tip Flow Field Investigation - Calculated V-W Velocity Vectors

BART Swept-type Wing Tip, o =15° R

Figure 25. Calculated tip flow field in terms of crossflow velocity vector for swept-tip at a=15".
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2x10°, 161x97x97 Mesh

Tip Flow Field Investigation - Calculated V-W Velocity Vectors
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BART Taper-type Wing Tip, a =15°, R,

Figure 27. Calculated tip flow field in terms of crossflow velocity vector for taper-tip at a=15" with a f
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BART TAPER-type WING TIP, a=15, X/C

=0.85

BART TAPER-type WING TIP, a=15, X/C
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EART TAPER-type WING TIP, a=15, X/C
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5°, R,=2x10° 129x65x49 Mesh
- Calculated V-W Velocity Vectors

BART Berp-type Wing Tip, a

| 46

Tip Flow Field Investigation

Figure 37. Calculated tip flow field in terms of crossflow velocity vector for Berp-tip at a=5".




5°, R,=2x10° 129x65x49 Mesh

- Galculated V-W Velocity Vectors

Figure 38. Calculated tip flow field in terms of crossflow velocity vector for swept-tip at a.=5".

BART Swept-type Wing Tip, a
Tip Flow Field Investigation
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7.5% R,=2x10° 129x65x49 Mesh
- Calculated V-W Velocity Vectors

BART Taper-type Wing Tip, o
Tip Flow Field Investigation

=7.5°

Figure 39. Calculated tip flow field in terms of crossflow velocity vector for taper-tip at o




'S9°1=0/X pUE G/ 0 ,G=10 & Sd11 3311[) 10J 10J09A KIDO[OA MOJJSSOID JO SULIR] Ul payy moyf diy paInsesaq "Op 2Ingig

oy
w
w
~

L0 520230 A 240372

QA
Lz 9

1074 40LD3A M QI4N37IN
/A
§2

7e

G9°4=0/X

€0

L1014 30LD 38 M CTHNZY AL
A

7% €2 a7z 12 [+ 354

[ T

£0

49




0= 3 di-d1og 10j ysemumop jo suwia) uf pRYy moly diy pareno[e)) ‘T omgig

sinojuoy (M) ysemumoq pajejnojen - uonebnseau| pjai4 moj4 dij

o

USSIN 6YXG9X6¢2} ',01Xg="Y ‘,0=0 ‘diL Buipy edAi-diag | Hvg

gz 1=o/xn 39 F=O/X

G8°'0=0/X

G 0=0/X

8420°0-
90200~
v910°0-
€210'0-
1800°0-
6£00°0-
£000°0
S+00°0
48000
6cl00
L2100
€1¢00
¥520°0
96200
8€€0°0

M Ione

LWoOnD<ooNOOE®O N -

50




*,0=0 18 di-jdoms 10j [semumop Jo suia} ur pjaty mojj diy pajejnofen) ‘Cy 281y
SInoo) (M) ysemumoq] Palenoje) - uonebnssau| pisi4 moj4 dif
USBIN 6¥XG9X62 1 ‘40 1Xe="Y ‘,0= 0 ‘di] Buin adA-idemg |1y

€120°0-
S.10°0-
L810°0-
0010°0-
£€900°0-
Sc00°0-
2100’0
0S00°0
48000
selo'o
29100
00200
48200
§4¢0'0
€Le0’0

M 19re7

UoOon<oornoOontmN ~

TR

G2 1=0/X GO’ 1=0/X

51



",0=0 J& di-1ade) 10J ysemumop Jo swia) ur p[ayy mopy dn pajenoje)) *¢p a1ndiq
SInojuoyH A>>v ysemumo( palejnoje) - CO_“_.ND_“_.m®>C_ piel4 MO|4 Q_n_.
USBIN 6¥XG9X62 | ‘,01Xe="H ‘,0= 0 ‘di Buipy adfy-1ede] | yyg

¥02c0'0-
6S10°0-
€L100-
49000~
€2c00°0-
2000
69000
S1100
19100
90200
¢S2c00
86200
€v€0°0
68€0°0
YEVYO'0

M 19Aa7

LWOOONC<ooMNO Ut OMN~
52

G¥ 0=0/X Cy—
z G8 OIO\X Go _.HO\X

G9'1=0/X




"PU ouly e yim ,0=o e diy-10de) 10§ ysemumop Jo swioy u1 p[ary moyy dn pajernofe) “H andiyg

SInojuo) A>>v ysemumoq paje|noje) - uonebiisanu| pjai4 moj4 di|
USSIN 26X26X 91 ‘,01Xg="Y ‘,0= © ‘dIL Buip adAy-sede] | Hvg

0220°0-
0410°0-
0210°0-
0400°0-
0200°0-
0£00°0
0800°0
0£10°0
08L0°0
0gc00
08200
0€EE00
08€£0°0
0EY0'0
08100

M 19As7

LWDOOMLCooNO TN~

o3




*,0=1 1e di-d1og 10} £1100[94A [BIXE JO SWLIS) U p[a1) mo[j dii pae[no[e) G g1y

sinojuoD Aooje (-n) eIy perenojed - uoiebiseAul pield mojd dit

¢610°0
S6€0°0
16S0'0
00800
coolL'o
S0cL'o
80v1°0
01910
€810
S10¢'0
81cc0
(A ZAY
€292¢'0
S¢8c0
420€0

n

2]

UsaN 6vX59X62 1 ‘,0+xg=Y ‘,0=" ‘diL Buinm edA)-dieg 1 Hvd

LWOODLC<oOoONONTON

oA

52 1=0/X G9' 1=D/X]
G8'0=0/X]

54




0= 18 di3-3doms 10} £)100]24 [EIXE JO SWIA) UI PAL] MO[J dn pajejnore) ‘g4 a1nSiy

sinojuod AyooleA (-n) [exy pejejnojes - uopebysanul pjai4 moj4 dig
YSeN 64XG9x62 |t ‘0 Xe="H ‘,0=© ‘di] Buip adA1-idems 1 Hvg

06100
00¥0°0
01900
0280'0
0€01°0
o¥cLo
osvL0
09910
04810
08020
06220
00S2'0
01220
02620
0eleo

N s

woOo<oonNnoOtTON

w

%3]




,0=10 Je dj-10de) 103 A3100[04A [BIXE JO SWId) Ul pIoYy mopF d pate[nofe) */f oIngig

sinojuo) AuooleA (-n) [eixy palejnoje) - uoiebnsaaul pial4 moj di
USSIN 6VXS9X62 | ‘,01Xg="H ‘,0=» ‘di] Buip edAi-tede] | Hyg

881070
. 96€£0°0
20900
01800
81010
44N
ceEVL0
0v9lL0
Z¥81°0
SS020
¢9¢c’0
0Lvco
41920
S88¢'0
c60€°0

N eAa7

LWOOm<oon~nOontm N~

S¥'0=0/X f—
V4 G8 OIO\X Go _.HO\X

G9'1=0/X

56




"pusd auy e yim o= e di-1ades 10y K1o0[0A [BIXE JO sul1a) ul p[aly mojfy dn pajenoje)) "gf a1ngig

sinojuod AyoojeA (-n) feixy parejnojes - uonebiseau] pjaig moj4 di
USOIN L6X.6X191 ‘,01X2="Y ‘,0=© ‘di| Buip, adAr-1ede] |Hyg

4810°0
¥6€0°0
L0900
8080°0
Y1010
leeto
8cv10
SE9L'0
cP8lL0
6v02°0
95¢e’0
€9Y2°0
6992°0
9,820
€80€°0

N sAs7

LWUODOOCOONOWLET®O N~

y4 Gv'0=0/X G8'0=0/X G2 1=9/X

G9'1=0/X

37



*,0=0 1 di-diog 103 103004 £1100[9A MO[JSSOIO JO SULIA} UI P[a1y moyy diy pare[nofe)) “6t aIngig

$10}09/\ AOOJaA M-/ PaleINofeD - uoneBisanu) pai4 mol4 dif

UseN 6vX59x6¢2 1 ‘,01xg= Y ‘,0="0 ‘diL Buip, edAy-dieg 1 Hvg

6z 1=0/X p 2 =0/

S 0=0/X ”

.....
.....
......
......
.......
.......
........
........
...............
...............
......................
........................
.........................
.........................
................

G8'0=0/X\

...........................
...............................

........................
.............................

......................
...........................

...........

...........
.........
.........

.........
............

...........
............

...........
......
.........

.........
.........

58




,0=0 18 di1-jdoms 103 103004 £)190[0A MO[JSSOID JO swiay U platy moy diy paje[nofe) ¢ 9InT1g

810308\ Alo0jaA M-/ PetRINOlE) - uonEBiSeAu) piald Moj4 dif
USSIN 6¥XG9X62 | ,01X2="Y ‘,0= 0 ‘di] Buip edfy1dems | Hvg

59




Z

0°, R,=2x10°, 129x65x49 Mesh

Tip Flow Field Investigation - Calculated V-W Velocity Vectors

- - - AT
RO

BART Taper-type Wing Tip, o

60

Figure 51. Calculated tip flow field in terms of crossflow velocity vector for taper-tip at a=0°.
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Figure 113. Calculated tip flow field in terms of relative crossflow velocity vector for taper-blade in hover.
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SYMBOLS

dy acceleration of transformation velocity
Ch surface pressure coefficient

c blade root chord length

D, artificial dissipative fluxes

er total energy

F, €-component inviscid flux

G- n-component inviscid flux

Gor n-component viscous flux

H, ¢-component inviscid flux

hr total enthalpy

J transformation Jacobian

My tip Mach number

M free-stream Mach number

D pressure

Q- all inviscid flux terms

Qur . all viscous flux terms

R, Reynolds number

r=(z,y,z2) position vector

™ = (Zp,Yp, 2p) pivot point vector or blade axis
S source term due to moving frame
t time

U, field vector

Uy, Vp, Wy contravariant velocity components
V= (u, v, w) absolute velocity

Ve = (Ue, Ve, W) rotation velocity
(

vV, =

Uoy Voy Wo) translation velocity




V. = (tr, vr, wy)
f/:t = (utavtawt)

«

7
(&,m,¢)

relative velocity

transformation velocity

angle of attack

gas specific heat ratio

turbulent eddy-viscosity correction
turbulent eddy-conductivity correction
same as a

laminar viscous coefficient

body-fitted coordinates

density

angular velocity
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